We study a liquid jet that breaks up into drops in an external co-flowing liquid inside a confining microfluidic geometry. The jet breakup can occur right after the nozzle in a phenomenon named dripping or through the generation of a liquid jet that breaks up a long distance from the nozzle, which is called jetting. Traditionally, these two regimes have been considered to reflect the existence of two kinds of spatiotemporal instabilities of a fluid jet, the dripping regime corresponding to an absolutely unstable jet and the jetting regime to a convectively unstable jet. Here, we present quantitative measurements of the dripping and jetting regimes, both in an unforced and a forced state, and compare these measurements with recent theoretical studies of spatiotemporal instability of a confined liquid jet in a co-flowing liquid. In the unforced state, the frequency of oscillation and breakup of the liquid jet is measured and compared to the theoretical predictions. The dominant frequency of the jet oscillations as a function of the inner flow rate agrees qualitatively with the theoretical predictions in the jetting regime but not in the dripping regime. In the forced state, achieved with periodic laser heating, the dripping regime is found to be insensitive to the perturbation and the frequency of drop formation remains unaltered. The jetting regime, on the contrary, amplifies the externally imposed frequency, which translates into the formation of drops at the frequency imposed by the external forcing. In conclusion, the dripping and jetting regimes are found to exhibit the main features of absolutely and convectively unstable flows respectively, but the frequency selection in the dripping regime is not ruled by the absolute frequency predicted by the stability analysis.
We study a liquid jet that breaks up into drops in an external co-flowing liquid inside a confining microfluidic geometry. The jet breakup can occur right after the nozzle in a phenomenon named dripping or through the generation of a liquid jet that breaks up a long distance from the nozzle, which is called jetting. Traditionally, these two regimes have been considered to reflect the existence of two kinds of spatiotemporal instabilities of a fluid jet, the dripping regime corresponding to an absolutely unstable jet and the jetting regime to a convectively unstable jet. Here, we present quantitative measurements of the dripping and jetting regimes, both in an unforced and a forced state, and compare these measurements with recent theoretical studies of spatiotemporal instability of a confined liquid jet in a co-flowing liquid. In the unforced state, the frequency of oscillation and breakup of the liquid jet is measured and compared to the theoretical predictions. The dominant frequency of the jet oscillations as a function of the inner flow rate agrees qualitatively with the theoretical predictions in the jetting regime but not in the dripping regime. In the forced state, achieved with periodic laser heating, the dripping regime is found to be insensitive to the perturbation and the frequency of drop formation remains unaltered. The jetting regime, on the contrary, amplifies the externally imposed frequency, which translates into the formation of drops at the frequency imposed by the external forcing. In conclusion, the dripping and jetting regimes are found to exhibit the main features of absolutely and convectively unstable flows respectively, but the frequency selection in the dripping regime is not ruled by the absolute frequency predicted by the stability analysis.
I. INTRODUCTION
A liquid column that exits from a nozzle in the form of a jet tends to break up into droplets due to surface tension. During the breakup process other forces are also present and oppose the action of surface tension. In particular, viscous forces damp the growth of the varicose deformations of the jet that lead to the pinch off and inertial forces promote the formation of a long liquid thread. Gravitational effects can also oppose the action of surface tension by elongating a falling liquid thread. These forces define the parametric space which determines the breakup dynamics of the liquid jet.
Liquid jets exhibit a large range of breaking patterns in different regions of the parameter space [1] . As a general rule, the system exhibits a regime of periodic drop emission near the nozzle when capillary forces are dominant over other forces. This phenomenon is named dripping [ Fig. 1(a) ] and produces monodisperse drops whose size is typically determined by the nozzle size. As inertial or viscous forces become comparable to capillary forces the system transitions to a regime characterized by the formation of a long jet. Its radius undulates and it breaks up into drops far downstream from the nozzle. This regime is known as jetting [ Fig. 1(b) ] and usually exhibits a high dispersion in the drop size.
The transition from dripping to jetting in a jet that falls in a quiescent outer fluid under the effect of gravity has been extensively studied, for example as a model of chaotic dynamics [2] [3] [4] [5] [6] . On the scale of microfluidics, early studies of the transition were performed by Gañán-Calvo [7] . In comparison, the dripping to jetting transition in confined liquid jets that flow in an immiscible carrier fluid has received less attention but interest in this geometry has increased since the recent development of microfluidic devices for the generation of emulsions [8] . One of these devices is the so-called co-flowing geometry [9] , in which the inner fluid is injected into a carrier fluid that is flowing in parallel [Fig 2(a) ]. Gravitational effects are typically negligible in these systems.
Recently, Utada et al. [9] have studied this system when the transversal dimensions of the container channel is large compared to the jet radius and they have observed a dripping to jetting transition when viscous or inertial forces become comparable to capillary forces. This study was followed by several that considered the case of a highly confined jet with negligible inertia, which we concentrate on below. As shown by Guillot et al. [10, 11] , the transition in this case is ruled by the capillary number Ca, which measures the ratio of viscous to capillary forces and whose critical value depends on the value of the confinement.
The theoretical efforts to understand the dripping to jetting transition in these devices have mainly concentrated on the linear stability of the liquid jet. Indeed, a liquid jet is unstable to axisymmetric perturbations of its base columnar state [12] . In the case of a flowing jet, perturbations can be modeled as exponential functions with complex frequencies and wavelengths. These perturbations can grow both in time and space while traveling along the jet interface [ Fig. 2(b) ]. If the growing perturbations travel both downstream and upstream, the instability is said to be absolute. In analogy with the high Reynolds number jets [6, 13, 14] , this case has been related to the dripping regime, since instabilities invade the whole jet and particularly the exit of the injection nozzle. Conversely, if all growing perturbations travel downstream the instability is said to be convective and this has been related to the jetting regime, in which the fluid velocity is high enough to advect the instabilities and induce breakup away from the nozzle.
Guillot et al. [10, 11] and Herrada et al. [15] have performed stability analyses for the confined liquid jet in a co-flowing liquid. They predict a transition from an absolute to a convective instability at a critical value of Ca, in the limit of negligible inertial forces. These authors find a good agreement between this theoretical critical value with the observed value of Ca at which the system switches from dripping to jetting, confirming that the two transitions are related. However, there exist no detailed comparisons between the theoretical predictions and the experiments beyond the threshold of the transition, which is the subject of this paper. In particular, we perform a frequency and wavelength analysis in both the jetting and dripping regimes and compare the measurements with the theoretical predictions. We also demonstrate the possibility to force the breakup of the liquid jet with an external stimulus, which allows us to control the drop size in the jetting regime.
In the next section we present the setup used for the experiments. Section III presents the experimental results. In Section III A we present the measurements of the flow in the absence of external forcing. Then, in Section III B we study the response of the flow to an external perturbation induced with laser heating. In Section IV our experimental results are compared with the predictions of existent theories concerning confined liquid jets. Finally, Section V summarizes the results and conclusions.
II. METHODS
Our experiments are performed inside a straight 5 cm long microchannel of square cross section. The microchannel mold is produced by lithography using four layers of a photoresist of thickness 50 µm each (Etertec XP-800-20) on a glass slide. The channel is then replicated in PDMS prepared in a 10:1.5 ratio of PDMS base with curing agent. Three inlets and one outlet are drilled in the PDMS block (see Fig. 3 ). A glass cylindrical capillary of external diameter 200 µm and internal diameter 100 µm is placed between the first and the third inlets to form the co-flowing geometry where the drops and jets are produced. The alignment of the glass capillary inside the square channel is ensured by the match between the size of the channel and the external diameter of the glass capillary. After bonding the channel to a glass slide, a drop of PDMS, prepared in a 10:0.5 ratio of PDMS base with curing agent, is allowed to enter the channel through the second inlet. After flowing by capillarity through the space between the PDMS walls and the glass capillary in both directions, the PDMS reaches a wider section of the channel where it stops flowing due to the change of Laplace pressure [16] . The channel is then baked to cure the PDMS and ensure the sealing between the glass capillary to the external channel. In this way, the inner fluid is forced to flow inside the glass capillary.
Fluids are injected at constant flow rates using syringe pumps (Kd Scientific 101, Harvard Apparatus PHD2000W). The inner fluid is a 80% glycerol and 20% water mixture, whose viscosity and density at 20
• C are η i = 60.1 mPa s and ρ i = 1208.5 kg/m 3 respectively. The outer fluid is silicone oil (Rhodorsil 47 V 100) of viscosity η e = 100 mPa s and density ρ e = 965 kg/m 3 . Surface tension between both fluids is measured as a function of temperature at γ(T ) = 47 − 0.3 T mN/m, where T is the temperature, in degrees Celsius.
The channel is mounted on an inverted microscope (Nikon ECLIPSE TE2000-U) and observed through the microscope objective (Nikon, 4x/0.1 NA). Image sequences are recorded at 1000 frames per second with a fast camera (Photron Fastcam1024 PCI). An infrared laser of wavelength 1480 nm (Fitel Furukawa FOL1425) is focused inside the channel through the same objective, a distance 215 µm from the nozzle. The power of the laser beam is modulated with a signal generator (Wavetek model 80) to a sinusoidal signal of amplitude P up to 55 mW and frequency f laser ranging between 10 and 150 Hz.
The laser radiation is used to heat the inner fluid by absorption. This produces a periodic forcing of the flow by locally changing the capillary number Ca = η i U m /γ (where U m is the mean velocity of the flow), which controls the stability of the jet. Indeed, the temperature increase reduces both the interfacial tension between the fluids γ and the inner viscosity η i [17] . Figure 4 shows the effect of the temperature increase above room temperature (25 • C) on Ca for a typical value of the mean flow velocity U m = 20 mm/s. We find that Ca decreases when the temperature increases, which means the laser acts by locally destabilizing the flow.
The temperature increase depends on the laser power. For the powers used here we expect the heating to range between 5
• C and 30
• C, based on our previous results [18] , which corresponds to a local decrease of Ca between 25% and 70% approximately. Compared to our previous work [19] , the laser heating here is weaker and the flow velocity and fluid viscosity larger, so the laser produces a small perturbation that cannot block the flow. 
III. EXPERIMENTAL RESULTS

A. Unforced state
First, we study the flow behavior in the absence of the laser heating. The external flow rate is fixed at Q e = 30 µL/min, while the internal flow rate Q i is increased from 5 µL/min to 32 µL/min with a step of 1 µL/min. A transition from dripping [ Fig. 1(a) ] to jetting [ Fig. 1(b) ] is observed at Q i = 14 µL/min, similar to what was described elsewhere [11, 20] .
The length of the inner fluid column, L ∞ , is measured as a function of Q i and is shown in Fig. 5 . The error bars are calculated by considering the minimum and maximum values measured for L ∞ during the drop formation process. For low Q i , L ∞ is small and grows only slightly with Q i . This corresponds to the dripping regime. At Q i = 14 µL/min, the jet starts to grow, showing that the jetting regime has been attained. The low dispersion in L ∞ in the dripping regime shows that drop breakup occurs at a steady position, suggesting that it is a regular, periodic process. This contrasts with the high dispersion in the jetting regime, which reflects the fact that the position of drop pinch off is not as well defined and therefore the drop formation is not regular in time.
To confirm this, we analyze the frequency of drop production in both regimes by measuring the frequency of the oscillations of the inner fluid column. The thickness of the jet is measured as a function of space and time from image analysis. This yields the radius of the jet r(z, t), where z is the axial direction shown in Fig. 1(b) and t is time, for each value of Q i . A discrete temporal Fourier transform yields the frequency spectrum of the oscillations of the jet's radius at each point z of the jet. These spectra are averaged in space to obtain one spectrum for each value of the inner flow rate.
The frequency spectra as a function of Q i are shown in Fig. 6 (a) in gray scale. In the dripping region (Q i < 14 µL/min) a sharp peak is observed, whose position increases linearly with Q i . A typical spectrum for this region is shown in Fig. 6(b) . In the jetting regime, instead, two regions can be distinguished. First, for 14 < Q i < 24 µL/min, a broadening of the peak can be observed [see Fig. 6(b) ] with a global decrease in its position. We call this region "first jetting regime" or J1. Then, for Q i > 24 µL/min, a sharp peak whose position increases linearly with Q i can be observed again. This region is called "second jetting regime" or J2. A close examination shows that the peak of J2 is associated with fluctuations induced by the injection of the inner fluid by the syringe pump (see Section IV).
In contrast to the dripping regime, the jet in the jetting regime undergoes undulations characterized by a spatial wavelength visible on Fig. 1(b) . The wavelength of these oscillations, λ 0 , could not be accurately obtained from discrete spatial Fourier transform due to the insufficient spatial resolution of the optical setup. Instead, it was deduced from the drop volume V d and the mean jet radius R i , calculated as the temporal and spatial average of r(z, t). Assuming volume conservation, we write
which allows us to calculate λ 0 . Figure 6 
B. Forced state
Next, we study the response of the flow to an external periodic perturbation driven by the laser heating. For that, Q i and Q e are kept constant while the laser is modulated at different frequencies and powers. With the flow in the dripping regime (Q e = 30 µL/min and Q i = 7 µL/min), no noticeable effect is detected, even at the highest laser power. Frequency spectra of the jet oscillations are calculated for each value of the laser frequency f laser , as explained above, and are shown in Fig. 7(a) for a laser power of 55 mW. These spectra show the dominance of the frequency peak at f exp 0 which corresponds to the unforced case. Only at high laser power does the peak corresponding to f laser appear but its amplitude is much smaller than the dominant one, thus not changing noticeably the drop generation.
The same experiment is performed with the flow in the first jetting regime (Q e = 30 µL/min, Q i = 20 µL/min). For low laser power, no response of the jet is observed. When the laser power is increased, however, the jet's oscillations synchronize to the laser frequency for some frequency ranges. This can be observed in the frequency spectra of the jet oscillations, shown in Fig. 7(b) as a function of the laser frequency for P = 55 mW (similar results were obtained for all laser powers higher than 11 mW). A strong dominance of the peak corresponding to the laser frequency can be observed in the range f laser ∈ [55, 120] Hz. Note that harmonics of f laser are also present in the spectrum of Fig. 7(b) . In the range f laser < 55 Hz the dominant peak corresponds to the first harmonic 2f laser , and therefore in this region the jet's oscillations are also controlled by the laser induced perturbations.
Two main effects are observed in the frequency ranges where synchronization occurs: the length of the jet decreases as the laser power increases (not shown) and the drop size changes as a function of f laser . Figure 8(a) shows snapshots of the jet forced by the laser with power P = 55 mW at various frequencies. One can observe that the jet shortens when the laser is turned on and that the drops are larger than without the laser forcing, decreasing with increasing f laser .
By analysis of the drop size and considering the mean radius of the unperturbed jet, the wavelength of the forced jet oscillations λ f is computed using Eq. (1). Figure 8(b) shows λ f as a function of the laser frequency. In the range f laser ∈ [55, 120] Hz, the wavelength of oscillations decreases with the laser frequency, in close agreement with the relation f laser λ f = v 0 . Here, v 0 is the phase velocity calculated from the dominant wavelength and frequency of the unforced state at the same flow rates. Note that for f laser < 55 Hz, although the data are more scattered, the measured wavelengths are consistent with the relation 2f laser λ f = v 0 . This again confirms the dominance of the first harmonic of f laser in the frequency spectrum. Finally the dispersion in the drop size, calculated as the standard deviation of the drop volume divided by the average, is shown in Fig. 9 for three values of f laser . Remarkably, the dispersion in the drop size, which is large in the jetting regime, decreases by a factor of about 5 in the presence of the laser forcing.
IV. COMPARISON BETWEEN THEORY AND EXPERIMENTS
Herrada et al. [15] and Guillot et al. [10, 11] have addressed the stability problem of the confined, infinitely long column of liquid shown in Fig. 2(a) , when inertial effects are negligible. While Herrada et al. solve the problem analytically, Guillot et al. use, in addition, the lubrication approximation. Both theories, therefore, present similar results, although the latter is expected to be less accurate for perturbations with small wavelengths compared with the jet radius. In the parameter space explored in our study, however, this difference is irrelevant since the measured wavelengths are at least 10 times larger than the jet radius [ Fig. 6(c) ].
The analyses of Herrada et al. and Guillot et al. yield a dispersion relation that relates the complex wave frequency ω to the complex wave number k in the form:
where v is proportional to the velocity of the jet interface U , which depends on the flow rates and viscosities of the fluids. The growth rate σ(k) is a nonlinear function of the wavenumber k, the fluid viscosities, flow rates and of the capillary number Ca. As a consequence of the nonlinearity the propagation of perturbations occurs in a dispersive way, meaning that perturbations with different wave numbers travel with different velocities along the jet surface. In particular, unstable perturbations travel with velocities ranging between v − and v + , schematically shown in Fig. 2 there are unstable perturbations that travel upstream, making the flow absolutely unstable. On the contrary, if v − > 0 all unstable perturbations travel downstream and the flow is convectively unstable [14, 21] . Herrada et al. and Guillot et al. have found the transition between an absolutely and a convectively unstable flow (A/C transition) to depend on the capillary number Ca and the A/C transition in capillary jets has been traditionally related to the transition between dripping and jetting [14] .
In the following, we test the predictive power of the theories by extracting several quantities that can be compared to our measurements. For that we note first that, contrary to the hypothesis of Herrada et al. and Guillot et al., our confining channel has square cross section instead of being cylindrical. As shown also by Guillot et al. [11] , this mainly affects the theoretical results when the confinement of the jet 2R i /h becomes close to one. We measure the confinement in our experiments in the range [0.38, 0.5] and therefore the geometry of our confinement channel can be considered, for calculation purposes, as a cylinder of equivalent radius R e = h/ √ π = 113 µm. When our experimental parameters (λ = 0.6, γ = 40 mN/m, Q e = 30 µL/min and R e = 113 µm) are injected into the theories considered here, the A/C transition is computed at Q i = 26.2 µL/min with Guillot's theory and Q i = 23 µL/min with Herrada's theory. These values are of the same order of magnitude than our measurement at Q i = 14 µL/min. The disagreement in the exact value of the critical external flow rate could be related to the geometric differences in cross section between our square channel and the circular assumption in the theory. Next, we compare the frequency behavior observed in the unforced flow regimes to the theoretical predictions. According to the spatiotemporal stability analysis, the behavior of absolutely and convectively unstable flows differs strongly. Absolutely unstable flows are dominated by a single, well defined frequency and therefore behave as self-sustained resonators pulsating at the absolute frequency f 0 . This is because the perturbation with zero group velocity is unstable and, since it grows in place, it ultimately contaminates the whole domain [22] [23] [24] . In convectively unstable flows, conversely, instabilities are advected downstream and, without external noise, the flow would go back rapidly to the base state. Convectively unstable flows therefore amplify a broad range of unstable frequencies and the most amplified one, also noted for simplicity f 0 , corresponds to the one with highest spatial growth rate [21] .
With this in mind we use the dispersion relations from Eq. (2) to compute the frequency expected to dominate the flow, for both theories, as a function of the inner flow rate for an outer flow rate fixed at Q e = 30 µL/min. In the absolute region the dominant frequency f 0 was calculated as the frequency of the perturbation with zero group velocity. In the convective region, f 0 was computed as the frequency of the mode with largest spatial growth rate −k 0,i , which is deduced from an inversion of the dispersion relation ω = ω(k) to k = k(ω) with ω ∈ ℜ. The result is shown in Fig. 10 where the lines represent the theoretical predictions and the gray scale image recalls the experimental results of Fig. 6(a) . Both theories predict f 0 to exhibit a sharp decrease for small Q i and to grow slightly near the transition. In the convective region, f 0 decreases slowly after the transition and then grows again slowly for larger Q i .
In the following sections we proceed to a detailed comparison between the theoretical predictions and our experimental observations in the different flow regimes.
A. Dripping regime
Our measurements of the flow in the dripping regime reveal most of the features of an absolutely unstable flow. Without external forcing, the dripping flow exhibits one well defined natural frequency that dominates the frequency spectrum, as shown in Figs. 6(a) and (b) . Moreover, when externally forced with the laser heating, the flow in the dripping regime does not respond to the forcing and remains dominated by the same natural frequency that dominates the unforced state [ Fig. 7(a) ]. However, this natural frequency does not appear to be linked to the absolute frequency predicted theoretically. Indeed, the theories predict f 0 to decrease steeply as a function of Q i for small Q i (Fig. 10) , which would result in the formation of larger drops at a smaller rate. On the contrary, we measure a linear increase in f exp 0 with Q i , which corresponds to the formation of drops of constant volume at a higher rate.
B. First jetting regime
In the first jetting regime, a broad range of frequencies are amplified, as one would expect if the flow is convectively unstable. Moreover, the J1 regime exhibits a decrease of f exp 0 with the inner flow rate, which is coherent with the theoretical predictions in the convective regime near the A/C transition.
The hypothesis of a convectively unstable flow in the J1 regime is further confirmed by our experiments with the laser forcing. These experiments show the synchronization of the jet oscillations with the laser frequency, demonstrating the ability of the jet to amplify externally induced perturbations. Furthermore, a threshold laser power is necessary to synchronize the undulations of the jet to the laser frequency, but beyond this threshold the spectral response of the system is independent of the laser power [see Fig. 8(b) ]. This is coherent with the linear picture proposed here where only the frequency of the external forcing is relevant to perturb the flow.
Finally, the amplified perturbations are found to follow the relation f laser λ f = v 0 . At leading order, this is coherent with the dispersion relation of Eq. (2).
C. Second jetting regime
In the second jetting regime a single, well defined peak dominates the frequency spectrum of the jet oscillations, which, at first, contradicts the hypothesis that the jetting regime corresponds to a convective instability. However the dominant frequency f exp 0 increases linearly in the J2 regime, which allows us to relate this frequency to a perturbation associated with the syringe pump used to inject the inner fluid. In fact, the stepping frequency of the syringe pump increases linearly with Q i as
where D = 4.61 mm is the syringe diameter and dx = 0.088 µm the syringe pump step. While f pump is too high compared to f exp 0 in the J2 regime, its fourth sub-harmonic (f pump /4) matches it precisely, as shown in Fig. 11 . Note also that the second sub-harmonic (f pump /2) is also present in the frequency spectrum of the unforced state. These results suggest that there is also a broad range of unstable frequencies in the J2 regime but the frequency imposed by the pumping rate of the inner fluid selects the dominant one. As can be seen from Fig. 11 , the transition from the J1 regime with no dominant frequency to the J2 regime, with extrinsic frequency selection, occurs at the flow rate where the frequency imposed by the syringe pump enters the range of unstable frequencies. These results are coherent with a convective nature of the flow instability in the second jetting regime.
V. SUMMARY AND CONCLUSIONS
The frequency response of the system can be summarized from Fig. 6(a) . In the dripping regime there is only one, well defined frequency which is selected intrinsically, although not directly linked to the absolute frequency of Refs. [10, 15] . In the jetting regime, the zone of unstable frequencies is wider and with a less marked peak. The response of the J1 regime is typical of unselective noise amplification, with the whole range of unstable frequencies present in the spectrum, while the frequency selection in the J2 regime is extrinsic and is due to the frequency imposed by the syringe pump.
In conclusion, we have given experimental evidence to confirm that the jetting regime in a confined co-flowing system is related to a convective instability of the inner thread. Conversely, other mechanisms are likely involved in the dripping regime and determine the rate of drop formation. The frequency selection in this case could be influenced by a mechanism akin to the shear induced breakup described by Umbanhowar et al. [25] . This would suggest that the influence of the growth of hydrodynamic instabilities of confined co-axial jets in this regime is less important than the local effect of shear at the nozzle, for our particular geometry.
Confirmation of the instability nature of the flow in the jetting regime is important to understand the mechanisms that control drop formation when capillary and viscous effects are in competition. In particular, spatiotemporal stability analysis predicts high inherent dispersion in drop sizes in the jetting regime. This is because noise sources, such as micrometer sized fabrication defects of the channel walls or fluctuations in the pressure and flow rates, are unavoidably present. While this kind of perturbations are rapidly damped and usually negligible in microfluidics, they are exponentially amplified by a convectively unstable flow. Understanding the flow nature provides a way to control this polydispersity by inducing the amplification of a preferred single frequency with a controlled forcing. Here, we do so with periodic, localized laser heating, demonstrating the possibility of externally and dynamically tuning the frequency of drop formation and the drop size with low dispersion.
